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VPE GROWTH OF InP FOR ELECTRONIC DEVICES

1. INTRODUCTION

Indium Phosphide is a semiconductor compound with attractive

possibilities for millimeter wave applications. The peak to valley

ratio, peak electron velocity, and thermal conductivity of the material
[*

are all higher than those of GaAs [I]. Theoretically, it should be

possible to fabricate superior devices at higher frequencies with InP

[2,3,4]. Consequently there is great interest in producing device

grade InP in order to study its properties in known devices and to

fabricate new devices with it [1-7].

1.1 HISTORICAL PERSPECTIVE

Although technology for the growth and fabrication of InP is not

as advanced as for GaAs, major strides have been made in the last

decade. Among others, R. C. Clarke [4,5,8] has performed extensive

work on the PCL3-In-H2 process, commonly used for the vapor phase

epitaxial (VPE) growth of InP [1,8]. In this process a controlled

concentration of phosphorous trichloride (PCl3) vapor in hydrogen is

passed over indium at temperatures between 700*C and 750*C. The

products, indium monochloride and phosphorous vapor, pass over polished

seed wafers at 650*C where epitaxy of InP occurs [4]. The growth rate

and impurity concentration of the material depend upon the purity of

* The numbers in parentheses in the text indicate references in the
Bibliography.
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the raw materials and the growth conditions employed. These growth

conditions can be controlled to produce thin layers of semiconductor

suitable for electronic devices. In addition, the epitaxial material

may be intentionally doped to provide a desired profile of electron

concentration versus depth in the crystal.

Clarke [4] has found that three interrelated factors influence the

growth rate and impurity incorporation rate during epitaxial deposition:

(1) The temperature gradient across the source, (2) the PCl3 mole

fraction and (3) the indium to phosphorous ratio over the seed. He has

obtained epitaxial InP with residual doping levels below 1 x 10
-13 cm-3

and has also produced narrow highly doped layers less than 300*A thick

using advanced doping techniques [9].

Others have also successfully grown InP and fabricated devices as

well. In 1979 Moutow, Chevrier, Huber, and Montel experimented with

various growth parameters and fabricated millimeter wave oscillators

which generated 60-80 mW at 60 Ghz with a 2-3% efficiency [6]. Morkoc,

Andrews, Hyder, and Bandy [7] reported fabrication of InP Schottky

barrier field-effect transistors (MESFETS) with gate dimensions of

1.2 x 200im and 7Um. Their VPE material had residual background con-
S114 -3 115 -3
centration less than 10 cm 3, and n-type material doped to 10 cm

showed a 77*K mobility of greater than 40,000 cm 2/Vs. The devices had

a maximum power gain cutoff frequency of 30 Ghz compared with 21 Ghz

for similar GaAs devices. A maximum available gain of 15dB and minimum

noise figure of 3dB (with associated gain of about 8dB) at 6.6 Ghz were

measured. Chevier, Armand, Huber, and Link [2] also fabricated MESFETS,

reporting "encouraging" static characteristics (IDD - 24mA, gm - 19 mS
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for a gate of 2 um by 200 Pm). They noted that "although the InP tech-

nologies are not as advanced as GaAs, experimental data already show

that the cut-off frequency is higher in InP than in GaAs" [2].

As the technologies for InP growth and device fabrication improve

so will the performance of associated devices. In fact, as Morkoc

observed in 1979, "with the advancements in InP epitaxy, particularly

in VPE and also in transferred-electron device technology, which
+

requires n substrates, the millimeter wave application is now dominated

by InP" [7]. The material holds great promise.

The technology for InP is far from mature, however. The inter-

dependences of all growth parameters have not been entirely sorted out

even though many general trends have been observed. Since the kinetics

are different for each individual reactor, direct comparison of results

in the literature is not always simple. Results from one worker may

not apply to others because of changes in reactor design or growth

conditions.

Device fabrication problems also exist, especially with forming

adequate Schottky diodes. The barrier height of an InP/metal contact

is often very low (.2 or .3eV) and displays little dependence on the

work function of the metal employed [9-16]. By 1977 several workers

[9-16] had achieved improvements in these contacts by use of a thin

interfacial oxide layer between the metal and semiconductor. Since

then several techniques for creating a controlled interfacial layer

have been reported including etching [10,14] and sintering (13].

Metal rectifying junctions with effective barrier heights around .53eV

or greater are possible today [9] as is control of the barrier height
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via changes in the oxide layer thickness [12,15]. Clearly, this contact

technology is imyroving.

Since InP technology for growth and device fabrication is rapidly

growing, any empirical results concerning either growth or fabrication

of InP devices helps further the technology ' y serving as useful bases

for future workers. Along with techniques for epitaxial growth and

device fabrication, data is also needed on physical characteristics of

the material. One important property of the material is the relation-

ship between the electron velocity and the electric field, which is

essential for accurate device modeling. A system for measuring the

electron velocity versus the electric field was constructed at Washington

University in 1980 [17]. It has already been used to measure the

(transport properties of GaAs (18] and will be used to measure those of

InP. Therefore, a specific need exists to fabricate a special InP

device which can be used in this system to measure its transport

properties. Our present growth effort is aimed at providing such a

sample.

1.2 SCOPE OF WORK

The purpose of this study is to investigate the problems asso-

ciated with growing and evaluating device grade InP by constructing a

complex vapor phase epitaxial InP growth system, growing controlled

layers of fnP on n+ substrates, and evaluating the results. The

ultimate objectives of the program are fabrication of a special Schottky

diode to be used in a system that measures the transport properties of

different semiconductors [17] and production of epitaxial InP for use

in other devices.
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The first phase of the project (Chapter 2) involved the design and

construction of a vapor phase epitaxial growth system. The system uses

the well known PCi -In- process first used by Clarke [18] and further
3 n- 2

refined by others. This process is known to reliably produce pure

crystals and device grade material [4]. Our particular system employs

double dilution doping with H2 S to achieve accurately controlled low

doping concentrations and a rolling furnace to achieve rapid warm up

and cool down periods during growth. Attempts have been made to make

the complex flow system simple to use and easy to maintain, so that it

can be used by several people over a long period of time. Efforts were

directed towards reduction of Impurities in the system and to control

of the physical growth processes which cause variations in electrical

properties.

The next phase of the study (Chapter 3) was use of the system to

grow epitaxial layers of InP on n+ substrates that could be used in

devices. The particular responses of the system to various parameters

such as source and seed temperatures, PCl 3 mole fraction, and flow rate

were investigated. The physical and electrical properties of the grown

layers were evaluated. The physical evaluations were found to be

straight-forward but attempts to evaluate the electrical properties by

C-V analysis revealed problems with fabricating Schottky-barriers on

InP.

The problem of poor Schottky diodes presented imediate diffi-

culties in measuring the electrical properties of the layer by C-V tech-

niques. Schottky barriers are also essential for use in many devices,

including the one intended for use in the transport measurements.
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Therefore it was essential to investigate this problem and find an

acceptable solution. Research revealed that use of metal-insulator-

semiconductor (MIS) contacts provide an answer. Insertion of a thin

layer of oxide between the metal and semiconductor results in a contact

that behaves like a simple Schottky barrier with a barrier height up to

0.5eV. Use of different metals and the effect of heat treatment on the

effective barrier height of MIS Schottky diodes were also investigated.

In general, many of the common problems of growing a III-V semi-

conductor have been encountered along with particular problems asso-

ciated with InP. Solutions have been found to most of these problems.

The results contained in this study can be used to refine the reactor

to produce purer, more controlled layers of indium phosphide and to

assist in fabricating a sample for the v(E) measurements.
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2. REACTOR DESIGN AND CONSTRUCTION

Two important factors in the design and construction of a VPE InP

reactor system are accurate control of growth parameters and reduction

of residual impurities. Such a system must regulate and combine the

flow of various gases and maintain a precise temperature profile across

the reactor tube prior to and during each growth run. It should be

free of resid, al impurities and gas leaks in order to obtain high

purity material but offer the capability for controlled doping of the

epitaxial material for device applications.

A reactor system has been implemented which controls the signifi-

cant growth parameters. Gas flows are regulated by electronic mass

flow controllers and rotometers. A rolling furnace serves to maintain

a known temperature profile across the reactor tube. A wide range of

doping levels can be achieved by use of a double dilution dopant

system. In addition, care has been taken in design and construction to

minimize residual impurities and the possibility of gas leakage. The

reactor discussed in this chapter has been used to grow high purity

epitaxial InP as discussed in later chapters.

2.1 REACTOR DESIGN

The major features of the reactor are a double dilution dopant

system and a rolling furnace. The double dilution insures accurate

control even at very doping low levels. The rolling furnace allows

rapid heating and cooling of the reactor to avoid etching problems

associated with long heat up or cooling times. A schematic of the

reactor is shown in Figure 1.
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2.1.1 H 2/Ar Flows

Hydrogen is used as the carrier gas f or the InP reactions during

melt saturation and growth runs. However, when the tube is opened for

maintenance the H2 flow must be replaced by Ar. This precaution is

necessary because white or yellow phosphorus produced during the reac-

tion will spontaneously ignite in the presence of oxygen. The flame

from this reaction will ignite the hydrogen and damage the reactor.

The introduction of an inert carrier gas such as argon will prevent

potential explosions. To insure that only hydrogen flows during

growth runs and only argon flows during reactor maintenance loading, a

pair of air controlled bellows valves, one "normally open" and the

other "normally closed", are controlled by a single N 2 valve which is

switched for either "hydrogen" or "argon". This setup insures that

only one or the other is on at any given time. The H2 line is diverted.

into either the dopant dilution system or the PCl 3bubbler.

2.1.2 Control of Mole Fraction

The mole fraction of PCl 3in the H2flow is controlled by the

temperature of the liquid PU 3 and by a dilution after the bubbler.

The temperature of the PUl is maintained by a thermoelectric cooler.

Here Peltier cells act as heat pumps which take heat directly out of

the Pdl3 bath into a water cooled heat sink. An Omega RTD digital

temperature controller cycles the thermoelectric cells to maintain a

constant temperature in the bath. The water in the bath is stirred to

minimize thermal gradients. The bath temperature is set to 14.6*C with

a deviation less than + .050C.
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At 14.60C PC13 has a high vapor pressure that gives a high mole

fraction of PCI3 in the H2 stream if not dilution is included. There-

fore pure H2 is introduced after the bubbler to further decrease the

mole fraction. A wide range of possible PC1 3 mole fractions are

possible with this arrangement. This H2/PCl3 mixture is introduced

into the tube upstream from the source.

The bubbler is switched on and off by a set of air controlled

bellows valves similar to the ones used for the H2/Ar selector. A

single N2 valve indirectly opens or closes the lines to the bubbler

while closing or opening the bypass simultaneously. This minimizes the

mechanical stress on the bubbler glass-to-metal seals and insures the

either-or relationship of bubbler to bypass.

2.1.3 Dopant Dilution System

The dopant, H2S, is introduced into the system and i-ediately

mixed with pure H2 to a desired dilution. Both the primary H2S and H2

flows are controlled by electronic flow controllers. Part of this

mixture is vented into the exhaust line so that the total flow can be

easily regulated. The first mixture is again diluted with pure H2.

This final dilution is sent into the reaction tube downstream from the

source but upstream from the seed. Rotometers are used to control the

flows for the second dilution. Low dilutions can be controlled quite

accurately by this method. Refer to Appendix 8.2 for more details.

2.1.4 Furnace

The furnace has two temperature zones which can be separately

controlled. One zone sets the source temperature, the other the seed



temperature. The furnace is mounted on a roller track so that it can

be easily rolled over a portion~ of the quartz furnace tube.

A portable exhaust hood is positioned over the end of the furnace

tube that is opened for maintenance. This serves as a vent for any

gasses that are flushed from the tube during maintenance and ensures a

net outward flow of argon from the tube to reduce the possibility of

contamination from back flow of atmospheric gas into the tube.

2.2 REACTOR CONSTRUCTION

The reactor was constructed to optimize cleanliness and tightness

against leaks so as to minimize residual impurities. After initial

construction the system was dismantled, the quartz and pyrex parts

cleaned thoroughly in aqua regia and rinsed in deionized water, the

( stainless steel and aluminum tubes cleaned with trichloroethylene,

acetone, and isopropyl and dried in a nitrogen flow. All Swagelock

connectors, valves, flow controllers, and rotometers were disassembled,

cleaned with acetone and isopropyl, and dried with n;Ltrogen. This

procedure removes most surface impurities introduced in glassblowing or

manufacturing.

The system was then checked for leaks. Two methods were used.

The first was to pass gas through the system and detect leaks using

"Snoop". To detect smaller leaks the system was pumped down to vacuum

levels and a helium detector employed. The complexity of the system

results in a large number of joints which increases the possibility of

a leak; therefore it is important that the system is totally leak tested

in the construction stage to avoid later complications.
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All the gas lines except the dopant system lines are stainless

steel. The lines in the dopant system are aluminum because of the

corrosive effect hydrogen sulfide has on stainless steel. The reactor

tube, seed holder, and melt boat are made of fused quartz. The PC13

bubbler is pyrex.

A control panel and power supply for the electronic mass flow

controllers were constructed. A + 15 volt power supply is used to

power the controllers and to create a 0. to 5. volt control voltage

that sets the amount of mass flow through the controller. Digital

meters are calibrated to read and display an output voltage from the

controller corresponding to the actual flow.

Because the vapor pressure of PCl 3 is highly dependent on tempera-

( ture a special thermoelectric cooler was constructed to maintain a

constant and known temperature. This cooler is quite simple, consid-

erably cheaper than a water circulator, and maintains the temperature

of the bath very well. Refer to Appendix 8.4.1 for a schematic.

2.*3 COMPLETE LAYOUT

The complete system is laid out in a manner which minimizes the

amount of space occupied but maximizes user efficiency. The flow

r controls and monitors are mounted on a vertical control panel as shown

in Figure 2. They are all labeled to insure easy use and provide

standard notation for documentation.

The mass flow controllers, bellow valves, and rotometers, which

are bolted to the back of the control panel and connected by the

aluminum and stainless steel tubing, are laid out in a manner which

minimizes the number of connection. required and so the possibility of
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Figure 2. Main control panel

Finure 3. Reactor Tube and Rolling Furnace
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leakage. These compounds are spaced to provide adequate room for

maintenance work such as sealing connectors or replacing parts. The

tubing was installed with minimum stress on the connections and bent in

large radii to prevent pinching of the tubing conductor which could

lead to leaks. The layout is designed to simplify the maze of inter-

connections into a pattern which can be easily traced and maintained.

The quartz reaction tube and rolling furnace assembly are shown in

Figure 3. The quartz tube is securely mounted to the track by an

aluminum stand which has provisions to adjust the height and direction

of the quartz tube so that it fits inside the cylindrical furnace when

the furnace is rolled over it. The reactor tube is held securely by

the stand to reduce strain on the glass to metal seals. The track is

aligned so that the rolling furnace can be positioned over the tube

precisely at the same point every growth run.

An open area of the counter between the control panel and the

access end of the reaction tube provides working space in which to load

the source load or substrate holder into the long reaction tube. A

portable exhaust hood positioned over this area catches any phosphorous

smoke or other fumes that issue from the open reaction tube during

maintenance and helps to maintain a net gas flow out of it. The hood

is clear so that one may view work through it as necessary. All stain-

less steel tubing exposed to the gaseous wastes from the reactor tube

in this area are covered with aluminum foil to reduce cor.:osion.

The use of air controlled bellows valves to simultaneously switch

the hydrogen and argon prevents inadvertent hydrogen flow while the

reaction tube is open. Such a mistake could lead to an explosion and
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damage to the reactor. The ability to switch the PCi 3 bubbler and

bypass valves off and on by a single remote valve is not only con-

venient for the user by eliminates strain on the glass to metal con-

nections on the bubbler resulting from physically turning the valves in

the bubbler off and on. Fewer leaks should occur as a result, and the

chance of breaking the bubbler while shutting it off and on is eliminated.

In general, the reactor system is reliable and durable. Attention

has been given to minimizing the presence of impurities in the system

and maximizing control over the growth process. Procedures for using

the system for VPE growth are discussed in the next chapter.
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*3. VPE GROWTH PROCEDURES

The working reactor must be charged with the appropriate reactants

prior to a growth run. The first step involves loading liquid PC13

into the bubbler without contaminating it with oxygen. An In source is

then positioned in the reaction tube, heated to 800*C for 6 hours to

remove volatile impurities. After the melt is saturated with phos-

phorus, the reactor is ready for use. A section of InP substrate

material is chemically prepared and inserted into the reactor which is

then flushed with hydrogen to remove any impurities encountered during

loading. The rolling furnace, which has been preheated, is rolled over

the reactor tube. The PCl3 bubbler is switched on and epitaxial growth

co-ences after a brief melt resaturation period.

The growth of a semiconductor layer is the starting point for a

wide variety of devices. Control of carrier concentration and epi-

taxial layer thickness is essential in the fabrication of most devices.

Several growth parameters are adjusted to achieve accurate control of

the process, including the temperature profile across the source and

seed, PC13 mole fraction, various flow rates, amount of dopant, and

total growth time. Purity of the PC13 and indium source material is

essential. All these factors must be parametrically studied and

adjusted until the system produces the desired epitaxial material.

3.1 START-UP AND MAINTENANCE PROCEDURES

3.1.1 Loading the PC13 Bubbler

The PC13 is loaded into the bubbler through the output PC1 3

containment valve. An ampule containing the PC1 3 is thoroughly cleaned
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and placed into the transfer container which is sealed in place over

the containment valve and flushed in a high argon flow. This flow in

the bubbler and transfer container insures minimumn contamination from

atmospheric gases. The ampule is then broken and the contents poured

into the bubbler. The containment valve is replaced and the transfer

container removed. The H 2flow is then reestablished.

qAfter loading the PCi 3 into the bubbler, hydrogen is passed

through it for several hours to distill off the first fraction. If

this is not done, the first epitaxial layers have a higher carrier

concentration than normal. A final clean up of the system to remove

impurities is carried out by running the furnace 20*C hotter than a

normal deposition run.

3.1.2 Melt Saturation

A fifty grams ingot of indium (Grade AlA, United Mineral and

Chemical Corporation) is placed in the quartz boat and loaded into the

furnace using a clean quartz transfer tube. The furnace is heated to

the growth temperature and is rolled over the tube once the temperature

stabilizes. The source is baked for two hours or more in a hydrogen

stream to remove any impurities that entered the melt during transfer

[1,2,19]. A PCl flow is then introduced over the indium melt until an

equilibrium phosphous concentration in the source is established.

3.1.2.1 Melt Saturation Reactions

The following reactions take place during saturation [1]. When

the PCl 3 vapor enters the hot reaction tube the PCl disassociates and

in the presence of H 2 reacts to form P 4 (gas) and HC1 (gas) with the

stoichiometry:
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4PC13 + 6H2 - P4 + 12HC1 (1)

With the presence of elemental indium in contact with the gas flow

there occurs a reaction between the indium and P4

41n + P4 --P 4InP (2)

This reaction will dominate the stochiometric composition of the

gas flow by depleting P4 from the stream until the indium is saturated

with phosphorus and a solid InP crust is formed which provides a barrier

between the gas stream and the indium [5].

3.1.2.2 Saturation Time

The minimum time necessary for the saturation of the melt is based

on a phosphorus flux calculation [19], assuming that during saturaCon

the phosphorus transported is completely incorporatpK into the melt.

The minimum time for saturation of the melt is 4r2ssed by tne follow-

ing relation:

RT S(T )
Minimum time for saturation - p(T-) x moles of indium present

P(Tp)f

(3)

where

R - ideal gas constant torr-cm
3

mole-K

T - temperature of PCI 3 (k)

P(Tp) - equilibrium vapor pressure of PC1 3 (Torr)

r~pp
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f " flow rate (ml/min)

S(T)- solubility of InP in In (atomic fraction) at melt
temperature TM (K)

P(T ) is obtained from Figure 4 and S(T M) is obtained from Figure 5.

The actual values used are:

3 3

R=82 atm cm 760 torr -62320 torr cm

mole*K x atm mole*K

T - 2870K (2)
Tp)

P(T ) - 73 torr; (using Tp 14.6C on Figure 4)

f - 100 ml/min

S(T ) - 6x10-
2

m

1 molemoles of indium - .421 - 50 g x 18.9 e118.69 g

Using Equation (3), the minimum time for melt saturation is 61

minutes. Note that equation (3) assumes that the total flow of H2 is

exposed to the PC1 To insure that equation (3) is valid the flow

through the dilution is set to zero.

Actual saturation time is typically taken not less than 1.5 times

greater than the minimum time to insure full saturation to account for

kinetic factors which may divert some of the phosphorus away from the

melt [19].
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3.2 SAMPLE PREPARATION AND GROWTH PROCEDURES

3.2.1 Sample Preparation

The epitaxial layers are grown on heavily doped n-type InP. The

orientation is in the 100 direction or 2* off. The substrate material

is purchased from United Mineral and Chemical Corporation. Other

1018/c 3  2118 3
parameters include doping density, Nd, of 1x101/cm to 2x11/cm,

thickness of .016 + .001 inch, etch pit density (EPD) less than 60,000,

and resistivity less than .003 ohm cm.

After the substrates are cleaved to desired dimensions, they are

cleaned with organic solvents in a beaker. Trichloroethylene, acetone,

and methyl alcohol in sequence are used for this purpose. The substrate

is then etched in a 2% bromine-methanol solution for four minutes with

mild agitation. The etch is terminated by flushing liberally with

methonal. The sample is kept in methonal until just prior to insertion

into the reactor to eliminate surface clouding [19]. Using this method,

smooth interfaces and surfaces are obtained.

3.2.2 VPE Growth Procedures

The reactor must be flushed with argon at a high flow rate (greater

than 200 cc/min) for at least 15 minutes prior to opening the reaction

tube. The high flow must continue when the tube is open to minimize

the penetration of atmospheric gases flowing back into the tube. This

precaution is necessary to avoid contamination of the reactor and to

prevent any phosphorous residue on the tube from burning with oxygen

from the air.

Once the reactor is adequately purged with argon the tube is

opened. The sample is removed from the methanol, dried on bibulous
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(paper in an N 2 flow, and immnediately placed on the seed holder. The

seed holder is inserted into the furnace tube to its desired position

relative to the source and/or furnace temperature profile. The reactor

tube is then sealed. After a few minutes the system is switched back

to a hydrogen flow from the argon flow. The tube is purged with

hydrogen at a flow of at least 200 cc/mmn for at least 30 minuton,

which removes gaseous impurities on the seed, seed holder, or tube that

resulted from preparation or loading the sample.

The furnace is turned on prior to sample preparation and loading.

It requires approximately 1.5 hours to warm up and stabilize at the set

temperatures. The furnace is preheated off the reaction tube. Once

the furnace temperatures are stable and the sample has been inserted

into the tube and purged in the hydrogen flow for one-half hour the

furnace is rolled over the tube. After twelve minutes the furnace

temperature transient has decayed and the reactor has a profile as in

Figure 6.

Soon after the furnace is rolled into position the flows are set

to achieve the total flow rate and PC13 mole fraction that are neces-

sary to resaturate the source. The PUl bubbler is turned on. After3

ten minutes the source is resaturated and growth begins. Flows are

reset to achieve desired doping level and growth rates. The runs are

typically 15 minutes to 60 minutes long depending on the current

growth rate and the desired epitaxial layer thickness. The run is

terminated by shutting off the bubbler, opening the bypass valve, and

rolling the furnace off the tube. The quartz reaction tube and contents

quench rapidly in the air.
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Before opening the reaction tube, the reactor must be purged with

argon at a high flow rate for at least fifteen minutes. The tube is

then opened, the extraneous crystal deposits from the run are scraped

off the reactor tube wall, and the seed holder is removed from the

tube. The tube is resealed and a hydrogren flow is reestablished after

a short purge.

The sample, once removed from the seed holder, is then ready for

evaluation.

3.2.3 Growth Reactions

Once the source is fully saturated, the fundamental reaction that

is responsible for transport and deposition [1] is given by

750"C

4InP + 4HC1 -- 4InCl + P4 + 2H2  (4)

6500C

The arrow from left to right indicates the reaction of HCl with the InP

crust to provide the mechanism of phosphorus and indium transport in

the system. This reaction takes place at the source. The InCl,

phosphorus, and hydrogen are then carried downstream toward the seed

where the temperature is approximately 100C less than the source

temperature. At lower temperatures the deposition reaction (right to

left) occurs to form the InP epitaxial layer. Gaseous dopants are

introduced upstream from the seed but downstream from the source for

incorporation into the epitaxial layer.

3.3 GROWTH PARAMETERS

The dominant growth parameters are flow rate, furnace temperature

profile, and PC13 mole fraction. These parameters may be varied to
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obtain optimal growth rates, surface conditions, and purity. Much work

has been done to investigate the interdependence of the parameters and

their effects on the growth process [1-7,19,22]. However, each unique

reactor must still be characterized to determine its optimal set of

parameters.

3.3.1 Temperature Profile Effect

The temperature profile of the reactor is given in Figure 6. The

In source is normally kept at a temperature between 700*C and 750°C

with the seed 100C cooler. Our present source temperature is 7000C

with seed temperature around 6000C. A 750*C source, 650*C seed tempera-

ture has also been used with no appreciable differences in physical

results.

The source needs to be in a constant temperature zone to maintain

the same InP saturation over the entire melt. If there are significant

temperature gradients present convection and solid migration will

occur. Phosphorus will be absorbed from the vapor by the source at

warm points and indium phosphide will precipitate at cool points. This

source inhomogeneity will decrease the mole fraction of PC13 at the

seed which increases the impurity concentration of the grown layer

[22]. Thus a significant temperature gradient across the source in-

creases the impurity concentration in a manner that is difficult to

control. To avoid significant source gradient effects the source must

have a gradient < 0.loC/cm [44]. Refer to Appendix 8.3 for a more

detailed discussion.
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3.3.2 Mole Fraction Effect

The mole fraction trends in the PC 3-In-H 2 process are well

known. In general, the growth rate increases with an increase in mole

fraction while the net doping increases with decreasing mole fraction

[1,4]. Small changes in PC13 mole fraction is important.

The mole fraction of PC1 in the hydrogen carrier is dependent
3

upon the temperature of the PCi3 liquid in the bubbler and the amount

of H2 dilution downstream. Both are controllable in our system.

The mole fraction of PC1 3 in the vapor from the bubbler is cal-

culated as the partial pressure of the PCi3 divided by the total vapor

pressure of the PCi3 and H2* This is expressed by:

3P
p

mole fraction PC13 . .p (5)

where

Pp - equilibrium partial pressure of PCi3 (torr)

P H = equilibrium partial pressure of PCi3 (torr)

The partial pressure of PCi3 at a given temperature may be obtained

graphically from Figure 4 or analytically from the expression [23].

logl0P - (-.2185A/T) + B (6)

where A - molar heat of vaporization of PCi - 7997.0



-28-

B - 7.925795

T - temperature of PC13 in "K

P - partial pressure of PCi3

The denominator of Equation (5) is the total vapor pressure;

usually 760 torr. If T - 14.60C the PCl 3 mole fraction is 9.3 percent.

The mole fraction of PCI3 in the hydrogen flow is further reduced

by dilution. A schematic of the dilution system is given in Figure 7.

A pure H2 flow, f2' is mixed with the PCI3/H2 mixture, fl, to give a

new mole fraction for the gas flow f3 given by:

fl (MFl
MF3  - (MFl )  1l- . + f21 l (7)

where

MF3 = mole fraction of PCI 3 in flo wf3;

MF1 - mole fraction of PC13 in flow f3
M1 .mlfrcino U3 iflwf1

f2' f, are flow rates in cc/mmn

Iquations (5-7) reveal that the final mole fraction is a function

K of the original mole fraction which is a function of temperature and

the ratio of the dilution flow over the original flow. Figure 8 shows

the effect of changing P1 3 temperature and dilution on the resultant

K mole fraction. If the PC13 temperature is held constant, the mole

fraction becomes a function of dilution only. Table 1 gives specific
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Figure 7: Schematic of system for c 'trol of PCL 3 mole fraction
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( Table 1

Mole Fraction of PU 3 vs Dilution

T =14.6
0 C

f 2 /f 1% Mole Fraction of
PUi3 in flowf3

0 8.5

.50 5.7

1.0 4.2

1.25 3.8

1.50 3.4

1.75 3.0

2.00 2.8

2.25 2.6

2.50 2.4

2.75 2.3

3.0 2.1
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mole fractions for various dilution ratios with a constant PCi 3 tempera-

ture. Note that the maximum final mole fraction is limited by the

original mole fraction.

The mole fraction of PC13 at the seed is further influenced by

reactions at the source and by the dilution of the dopant line. The

mole fraction influence by the source occurs when the source is not

adequately saturated and absorbs phosphorus from the flow [22]. The

dopant line flow further dilutes and decreases the mole fraction of

PC13 at the seed. If the doping concentration is a function of mole

fraction at the substrate, as some workers have proposed [6,24], then it

is helpful to keep the dopant line flow small compared to the main flow.

3.3.3 Flow Rate

Although the flow rate has some effect on growth rate and impurity

concentrations, these effects are secondary to mole fraction and pro-

file effects [25]. Higher flows (> 100 ml/min) do appear to give

better surfaces than low flows, however.

The goal of this VPE growth is the creation of semiconductor

material suitable for device fabrication. The grown layer should have

a smooth surface and a low defect smooth interface at the substrate.

The thickness should be controllable and uniform across the sample.

Electrically, the material should have a specific carrier concentration

profile with depth and exhibit high electron mobility. After a sample

is grown, the surface is inspected optically. Next a small section is

cleaved off and etched to delineate the interface and hence reveal the

epitaxial layer thickness. The doping profile is obtained by fabricating
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a Schottky diode on the surface and making capacitance-voltage measure-

ments.

The results of the evaluation serve a dual role. They become a

basis on which to modify the growth parameters for subsequent grow runs

and are also needed in designing and fabricating devices from the grown

material. Therefore the ability to evaluate material and fabricate a

device from it are important factors in crystal growth technology.
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( 4. SCHOTTKCY-BARRIERS ON InP

4.1 INTRODUCTION

Capacitance-voltage measurements are employed to evaluate the

carrier concentration profile of an epitaxial layer of InP grown on an

n ++substrate. This process involves fabricating a Schottky-barrier on

the surface, measuring the C-V curve when the diode is reverse biased,

q and calculating the doping concentration from that curve. If the

reverse saturation current of the rectifying contact is too large the

C-V measurements will not be accurate. Therefore Schottky diodes with

low reverse leakage currents are essential for correct evaluation of

the carrier concentration versus depth in an epitaxial layer.

Rectifying metal/InP junctions are also used in a wide variety of

devices including Gunn oscillators and field effect transistors. The

structure desired for the velocity - electric field characterization of

InP also requires a Schottky contact. Since metal junctions are an

important part of many devices, successful junction fabrication tech-

niques are necessary from both material evaluation and device fabrica-

tion perspectives.

4 Unfortunately, Schottky diodes with high barrier heights (and low

reverse leakage current) are difficult to fabricate with InP. The

traditional procedure of evaporating aluminum or other metals directly

down onto an InP surface results in junctions with very low barrier

heights (.2 or .3eV) that act almost ohmic. In addition, the barrier

height of such a junction does not depend on the work function of the

metal as traditional contact theory predicts.
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( It will be shown that the unusual behavior of these inetal/InP

contacts can be attributed to chemical reactions between the metal

electrode and the semiconductor which degrade the junction and to the

high surface state density of hIP which clamps the Fermi level in the

semiconductor regardless of the metal. The problem may be avoided by

inserting a thin layer of oxide between the metal and the semiconductor.

q The thickness of this interfacial layer may be changed in r--der to

alter the junction's effective barrier height, but must be thin enough

to retain Schottky device characteristics. Techniques for formation of

such an interfacial layer, including chemical etches and heat treat-

ments, will also be discussed.

4.2 TRADITIONAL METAL-SEMICONDUCTOR MODEL

The traditional theory of metal-semiconductor contacts [12]

assumes that the barrier height of the junction depends primarily on

the difference between the work function of the metal, * , and that of

the semiconductor Os. The work function is defined as the energy

difference between the vacuum level and the Fermi level. The energy

level diagram of a metal/n-type semiconductor contact with 0 * is

shown in Figure 9 [25]. Before the contact (Figure 9a) the Fermi level

is above that of the metal by an amount * m - 0 s* After contact (Figure

9b), an exchange of charge occurs which lowers the energy level in the

bulk semiconductor until the Fermi levels in both materials are equal.

Electrons from the surface layer of the semiconductor flow into the

metal, leaving ionized donors behind in the surface layer [Figure 9].

The height of the barrier, OB' is now proportional to the quantity
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Due to thermal agitation, some of the electrons in the metal

will have enough energy to cross the potential barrier into the semi-

conductor and, due to diffusion, some electrons in the semiconductor

cross the potential barrier into the metal. In equilibrium this gives

rise to equal and opposite currents I crossing the barrier.5

If a voltage-V is applied to the semiconductor, as in Figure 9c,

the barrier for electrons going from left to right has not changed, and

hence the corresponding current from right to left has not changed

either. But since the energy levels in the conduction band have been

raised by an amount eV, the barrier for electrons going from right to

left has been lowered by an amount eV; as a consequence the corre-

sponding current from left to right has changed by a factor exp (eV/kT).

Consequently, the I-V characteristic is given by:

I = AJs [exp eV 1 (13)

Simple thermionic emission theory predicts that the saturation current

density is given by [25]:

* T2 -

J - A T exp [ -] (14)

These equations show that the barrier height plays an important role in

determining the diode characteristics, especially the reverse saturation

current.

Elementary metal-semiconductor theory predicts that the barrier

height *B of a metal-(n type) semiconductor junction will decrease if
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(metals with lower work functions are used. Eventually, when *m s'

the junction becomes ohmic. The energy band diagrams for such a case

is shown in Figure 10 [25]. In this case, electrons flow from the

metal into the semiconductor, thus increasing the Fermi level in the

bulk semiconductor. Since there is no space charge layer in the

rectifying contact, an applied voltage is merely distributed across the

q bulk semiconductor. The effect of an applied bias is shown in Figures

10c and 10d.

According to traditional contact theory, comparison of the work

functions of the metal and semiconductor will indicate whether the

junction should be ohmic or rectifying. For n type semiconductor

m > sshould result in a rectifying contact, and o* *.0 in an ohmic
contact. For rectifying contacts the largest value of *m should give

the smallest saturation current, Is

4.3 EFFECT OF SURFACE STATES

Although the simple theory of metal-semiconductor contacts predicts

that the work function should be the dominant parameter in controlling

the barrier height, these predictions break down if there is a high

density of surface states present. Surface states, if present in the

energy gap, have the property of pinning the Fermi level at the surface

[16] regardless of the work function of the metal. An energy level

diagram of an n-type semiconductor with surface states is shown in

Figure 11 (25]. In a vacuum, electrons from the surface layer of the

semiconductor fill the surface states, leaving behind a distributed

positive charge due to the ionized donors. This rearrangement of

charge lowers the Fermi level in the bulk semiconductor and creates a
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natural surface barrier. This effectively pins the Fermi level at the

surface.

Contacting such a semiconductor to metal allows some of the

electrons in the surface states to flow into the metal, but doesn't

alter the charge in the surface layer significantly. Making contact to

metals of different work functions then means that a different portion

q of the occupied states are emptied into the metal. Since this does not

change the space charge at the barrier, the barrier height remains

constant.

4.4 NATURE OF METAL/InP INTERFACE

The electrical properties of indium phosphide-metal contact are

generally insensitive to work function. The dependence is illustrated

by a plot of barrier height vs. work function in Figure 12 [11]. In

this study Schottky barriers were formed between atomically clean

surfaces of InP and a range of metals deposited by evaporation in an

ultrahigh vacuum. Also shown are barriers formed on (110) InP etched

in bromine-methonal and thus having a thin oxide layer between the

semiconductor and the metal. For the atomically clean surfaces, there

appears to be no simple dependence of 0B on metal work function; Al,

Fe, and Ni form very low barrier heights where as Ag, Cu, and Au form

barrier heights around 0.5 eV. For the etched surfaces 0 is largely

independent of the metal work function and appears to be pinned around

0.5 eV.

A high density of surface states appears to be the primary

* mechanism which clamps the barrier height in etched InP/metal contacts.

Although no intrinsic surface states are found in the band gap of
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atomically clean rInP in a vacuum [16], defects formed by the addition

of oxygen on to InP result in extrinsic surface states which clamp the

Fermi level. Spicer and others [27] have found that less than a mono-

layer of oxygen is necessary for this pinning to occur and that once

the defects are formed at the interface further layers of oxygen have

little effect on the Fermi level. Thus impurity and defect interactions

q at the interface play a dominant role in clamping the barrier height of

etched InP contacts.

4.5 CHEMICAL EFFECTS ON ATOMICALLY CLEAN InP/METAL CONTACTS

The behavior of metal contacts on atomically clean IriP is more

complicated than that of etched contacts, since the barrier heights are

not all pinned at the same level. The fact that the barrier heights for

q Au, Ag and Cu contacts are all clamped to the same level as for etched

contacts suggests that these metals are forming defects and extrinsic

states which clamp the Fermi level in a manner similar to oxygen. This

effect was observed and verified by Spicer [27]. However, the ohmic

behavior of the Al, Ni, and Fe contacts cannot be explained by this

theory. Other effects must be considered.

There are indications that the interface of atomically clean InP

surfaces and metals is dominated by chemical effects. Table 2 [11]

lists the heats of reaction for the most stable compounds that Au, Ag,

Cu, In, Al, and Fe form with phosphorus. Figure 13 (11] c- 'bines the

data on barrier height versus metal in Figure 12 with the heat of

reactions of the metal electrodes with phosphorus given in Table 2.

From Figure 13 and Table 2 it is clear that one obtains ohmic contact

behavior for metals such as Al or Ni which are substantially more
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TABLE 2

Heats of Reaction

(Metal + InP metal phosphide + En)

Most stable Au P A P CUP InP AlP Fe P Ni P
copon 23 g 2 2 3 5 2

Heat of
reaction +1.73 +1.37 +.46 0 0.81 -0.82 -0.31
(eV/metal

atom)
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stable than InP. On the other hand, for less active metals such as

silver or gold, Schottky-barriers are observed. Chemical effects

therefore appear to be significant for Schottky-barriers of metal on

atomically clean surfaces. The barrier height for Schottky diodes with

an interfacial oxide layer is immune from these chemical effects since

the oxide layer prevents the phosphorus from reacting with the metal.

Hence the barrier height for the "etched" faces remain constant with

choice of metal as in Figure 12(b).

4.6 EFFECT OF INTERFACIAL OXIDE LAYER

A thin layer of oxide prevents the chemical reactions which occur

between reactive metals [151 and ultra clean InP and allows Schottky-

barriers to be formed with barrier heights around 0.5 eV [16]. This

barrier height is about the same as that obtained for unreactive

metals such as Au and Ag on clean surfaces. Several researchers have

studied the e ffect of the oxide layers on the properties of InP/metal

Schottky barriers [7-16]. A thin layer (6nm) appears to to have little

effect on the characteristics of the diode other than increasing the

effective barrier height, 0 B9 given by [121:

of, OB + D d (15)

where: OB =actual barrier height determined (directly) by

photoelectric response

d =oxide layer thickness

D -experimental coefficient of increase of barrier
height with thickness d.
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The oxide layer decreases the saturation current of the diode and thus

increases the effective barrier height as determined from C-V or I-V

data. The effective barrier height increases linearly with the oxide

thickness, d, as shown by Equation 15. Values of D for GaAs, InP and

Si are seen to range from 0.5 x 10 6to 1.75 x 10 6Vcm- [121.

Although equation 15 implies that a large increase in B'with d

is possible, the layer thickness is bound by practical considerations.

As d is increased a greater part of the terminal voltage is dropped

across the oxide, causing the ideality factor n of the diode to in-

crease. As the ideality factor increases the I-V characteristics of

the device flatten out and tend toward ohmic behavior [13]. Also the

series capacitance of the oxide film will decrease as the oxide film

thickness increases. Eventually the capacitance of the oxide will be

small enough to introduce significant error into the C-V measurements,

as the capacitance that the meter reads becomes much smaller than the

actual barrier capacitance.

The following conditions [121 must apply if interfacial layers are

to be used for improving the quality of Schottky-barriers:

1) The oxide should be as thin as possible, to minimize the

increase in the ideality factor n of the diode. Since

0BI= OB+ D d, for a given increase in effective barrier

height D must be as large as possible. This in turn means

that an oxide with a small value of electron affinity X o

must be used.



-48-

2) The oxide should not contain a residual space charge which

will vary the shape and effective height of the barrier

unpredictably.

3) The oxide should not contain deep trapping levels which would

assist the tunneling process and hence decrease D.

4) The interfacial layer should not degrade the diode reverse

q characteristics.

5) The insulating layer need not be the natural oxide. Any good

insulator satisfying the above conditions will suffice.

Oxide layers have been used by many workers to successfully

create reproducible Schottky diodes on InP with Au, Al and Au metaliza-

tions (1,10,13,14,16]. One reported method is to etch the sample in 2%

bromine methonal just prior to evaporation of the metal contact [10,14].

The etch deposits a very thin indium oxide layer that serves as an

effective interfacial layer. An etch in "aurostrip" also serves the

same purpose. Methods of achieving more controllable oxide layers

include low temperature plasma oxidation [15] or more complicated

deposition techniques [13].

4.7 HEAT TREATMENTS

Significant improvement of InP Schottky diode characteristics can

be obtained by heat treatment prior to, during and after evaporation.

Morgan, Howles, and Delvin report that heating the surfaces in a

vacuum to 250*C before evaporation and maintaining them at 150*C during

it produces Au/n-InP devices that are significantly more reproducible

and electrically self consistent than unheated devices [10]. Roberts

and Pande obtained reproducible Au/InP contacts by adding 1% weight of
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( titanium to the gold and alloying this mixture at a vacuum of 10-5 torr

before evaporation. Following evaporation, the samples were annealled

at 250 0C for two minutes at a pressure of 10-4 torr [14]. In both

cases, the samples were pre-etched in a 2% bromine-methonal solution to

provide an interfacial oxide layer. Both groups found that the barrier

height as measured by photoelectric response was 0.53 eV for their

qAu/InP contacts.

Heat treatments have also been used on Al/InP Schottky diodes

successfully. Christou and Anderson (13] found that sintering Al/InP

diodes in a 104 torr vacuum at 250°C for 4 hours or at 1 atmosphere at

250*C for 30 minutes significantly increased the barrier height;

(0.25 eV to 0.55 eV for air sintering). The barrier height increases

are due to oxygen build-up at the interface. Sintering redistributes

the oxygen throughout the Al film, and in the case of the 250*C anneal,

results in a pile-up of oxygen at the interface and at the front sur-

face in the form of P205 * Auger electron spectroscopy studies of the

metal-semiconductor interface-indicate an excellent correlation

between barrier height increases and oxygen build-up at the Al/InP

interface [13].

Heating the surface in a vacuum serves to desorb the surface of

interfacial layers. Christou and Anderson used 300C for 15 minutes in

1 x 10-9 torr vacuum [9]. Morgan, Holwes, and Delvin [10] used 250*C

in a vacuum citing studies on GaAs and InP [27,28] showing that 250*C

was the minimum temperature required to remove the majority of loosely

bonded surface contaminants. In their study of sintering [13], Christou

and Anderson did not see a significant increase in barrier height from

4I



-50-

vacuum desorbing the InP surface of interfacial oxides prior to metal-

ization. However, it did create enough of an increase in barrier

height to merit using desorption methods in later work [10].

On etched (110) substrates, Williams [16] reports a decrease in

barrier height for Au and Ag with annealling. For Al, the barrier

height slightly increased, up to about 200%, then decreased for higher

anneal temperatures. The annealled Al contact was more stable than the

annealled Au or Ag contacts. At first glance this decrease in barrier

height with annealling seems to contradict the findings of others

(Christou, Morgan, Roberts). However, the (110) orientation of sub-

strate has a much higher rate of diffusion for the metals compared to

the (100) orientation, thus interdiffusion of Au or Ag into the InP is

significantly more of a problem for the (110) orientation than for

(100). Hence Williams' results for temperature dependence of (110)

surfaces are not applicable to (100) surfaces.

Annealling at temperatures around 2500C is helpful in diffusing

oxide to the interface and creating P205 or InO 5 there without other

major diffusion effects. Higher temperatures bring more drastic dif-

fusion effects which tend to degrade the junction. Clarke [1] notes

that the congruent evaporating temperature for InP is 360*C and at

temperatures in excess of this the vapor pressure of phosphorus over

the crystal rises rapidly causing phosphorus loss and an indium rich

wafer surface. Above 400C interdiffusion of Au or Ag into the semi-

conductor becomes significant, even with an interfacial layer [16].

Aluminum is more stable at higher temperatures, primarily because the

formation of Al203 at the interface prevents worse diffusion.
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(4.8 SUMMARY

Based on the results of Morgan, Williams, and others [7-16] we

have chosen to fabricate MIS Schottky contacts on InP by etching the

sample just prior to the metal deposition. Sintering was also employed

to increase the effective barrier height of aluminum contacts. Using

these methods, Schottky-barriers suitable for C-V measurements were

obtained. The particular processes and results are described in the

next chapter.



-52-

( 5. RESULTS AND EVALUATIONS

The reactor system and growth techniques described in previous

chapters have been employed to grow several samples of epitaxial hIP.

After each growth run the layer thickness, surface quality, electrical

character, and other properties of the epitaxial material were evalu-

ated. The evaluations are divided into two categories: physical and

electrical. The former includes those properties which can be ob-

served optically like surface quality and epitaxy thickness. The

latter category involves determining the net carrier concentration

profile with depth in the material. From these results one can cal-

culate the growth rate, impurity concentration, and other parameters

useful for crystal growth and device fabrication.

This chapter is organized in three parts. The first one covers

the techniques used to evaluate the epitaxial material. The second

section deals with the results of the physical evaluations and the

third with those of the electrical evaluation. This last section is

divided into two parts because C-V doping profiles measurement require

the successful fabrication of Schottky diodes which is a nontrivial

task on InP. Electrical properties include both InP/metal contacts

and doping profiles.

5.1 SAMPLE EVALUATION TECHNIQUES

5.1.1 Physical Properties

Evaluation of the physical characteristics of the grown layers

consists of analysis of surface morphology, measurement of layer

thickness, and characterizing salient features of the delineated
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interface (interfacial irregularities, signs of poor surface prepara-

tion crystal strain propagation through the interface, etc.)

The as grown samples are taken and subjected to microscopic

examination of the surface of the epitaxial layer. Small laminae of

the surface are cleaved (on the back side of sample) and the inter-

faces of each laminate are made visible with the use of a delineation

etch [19]. It consists of immersion of the cleaved sections of the

samples for 40 seconds in a solution of equal volumes of A and B where

A - 60gKOH + 250 ml H20 (8)

B - 40gK3Fe(CN)6 + 250 ml H 20 (9)

The cleaved sections are rinsed in DI water and dried with biLblous

paper in an N2 flow. Measurement of the layer's thickness is then

determined optically while simultaneously determining interfacial

c!,aracteristics.

5.1.2 Electrical Properties

Doping profiles are obtained using capacitance voltage measure-

ments. This involves evaporating a number of 20 ail diameter aluminum

Schottky-barrier dots on the epitaxial layer. The dot is biased

negative with respect to the substrate and the capacitance of the

depleted region under the dot is measured as a function of the applied

bias. From this data the doping concentration profile can be cal-

culated. It is given by
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n(X)C (10)
q A~ (d)
C

where

C -depletion capacitance

V -applied bias to dot

A - dot area

X - depletion distance into the epitaxy

The range of x over which the carrier concentration can be

accurately measured is primarily limited by the amount of leakage

current in the Schottky-barrier. Most C-V meters measure the capa-

citance via phase shifts of a 1 Mflz signal. A shunt or series resis-

tance added to the depletion capacitance changes the phase shift so

that the meter reading is not the real depletion capacitance. High

leakage current indicates a low shunt resistance in the diode which

degrades the accuracy of the measurement. Therefore the I-V charac-

teristics of each Schottky diode are inspected before C-V measurements

are taken.

7 A sample with several diodes is placed in a probe station which

can be connected to either a curve tracer or a C-V meter. One of the

diodes is probed and its I-V characteristics measured. If the reverse

leakage is low enough for accurate C-V measurements the probe is

switched to the C-V meter and a doping profile obtained. Otherwise

that diode is rejected and another probed. If no diodes on the
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( samples can be used for C-V measurements, the metalization is etched

off and a new set of diodes are fabricated on the sample. This process

continues until a diode with low leakage is obtained.

5.2 RESULTS OF PHYSICAL EVALUATIONS

The first set of runs were performed to determine how the physical

properties of the layers depended on system parameters. The results

are summarized in Tables 3 and 4. No significant effects on surface

quality or growth rates from changing the source temperature from

750*C to 700*C were found. Drawing on the work of Green [19] who

found that growth at lower temperatures reduces impurity incorpora-

tion, the source was maintained at 705*C and the seed at 620*C for

most of the runs. Use of these temperatures resulted in adequate

growth rates and fairly good surface quality. Initial difficulties

with C-V measurements on the n substrates precluded accurately

assessing the effect of temperature on purity.

The growth rate seems to be controlled primarily by the depletion

of the source. Figure 14 presents the growth rate as a function of

the source run number. It drops from a high of 25 ian/hr for the first

run to zero for the seventh run. It levels off slightly for the

second, third, and fourth run, averaging about 18 ian/hr before dropping

off significantly for later runs. The second source followed a

similar pattern with the exception of the second run.

The flow rate was kept at 150 mi/mmn. This value was chosen

because it's moderate level gave good results in terms of surface and

growth rates. Reducing the flow to 60 mi/min resulted in poor surface

quality.



-56-

A.1w .0 LA 0 co %0 r, C~4 0

00

0 L4..w .v.24 0 *.H 0 -H "w4 4
w d 0 cu 0 .~.0 ca

0) '0 44 44i r. a 0 4-W
CuC0~ enl .-4 en0 ~-40

4.1

* .0

a

to0--4n C* 4 1 C

Ca( 0
Au ou WN

4-I

~~0)

to3 Cu u.-4- C. CI CNC'* 4 C14 s

44 W

-4C ) Q r

Cud
1.4n



-57-

Aj W X Lf C14 00 'T

00

to -r oV C

S 4.4 r4 - 0 vH 0
W Sau cc 0 A~ 0

0 4.4 00 rn 00

>% :

4

CA0

-4 - n n4n c
u4$4

0

4

-4

00

s-d Cu 04 44 u .C14 0

000

,-q 0 - 4 - -

0b 0 0 0 0 -

'.1E 0



-58-

I-

25-

20

0

. 15-

LU~
I-

C., 5

0
0 1 2 3 4 5 7

SOURCE RUN HUMiBER

Figure 14: Growth rate as a function of source depletion
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( Figure 15 shows a magnified view of an layer etched in A-B. The

interfaces were usually smooth and the layer thickness relatively

uniform over the entire sample. Figure 16 shows a typical surface.

LI They are normally fairly shiny. The quality of the surface was not

always uniform over the sample, due to kinetic effects at the sub-

strate.

The mole fraction at the source was calculated to be 2.3%, in the

1 to 4% range that most workers have reported success [2,4,19]. The

particular effect of PCL 3mole fraction at the source for this par-

ticular system still needs to be found. However, the literature

predicts that an increase in mole fraction will decrease the impurity

incorporated into the layer [4].

The effects of temperature variation across the source include a

loss in control of PCi mole fraction and rapid depletion of the

melt. [See Appendix 8.3]. Methods employed to reduce this tempera-

ture variation, which presently is within + 5oC over the source,

include changing the set points on the two furnace zones, using a

shortened source boat and placing resistors in parallel with the

furnace windings. Further tuning of the reactor to achieve a longer

flat zone is recommended. Currently the flat region (+ 0.5'C) is

about two inches long with a source boat of the same length. This

leaves too little room for error in placing the source exactly in the

flat zone of the rolling furnace.

At present the standard growth parameters of 2.3'/% Pci mole

fraction, 150 mI/min flow rate, and 705*C source with 620'C substrate

seem to yield epitaxial layers with good surfaces, uniform thicknesses,
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q

II

Figure 15. A typical interface (560X)
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I

Figure 16. A typical surface of epitaxial InP (liOX)
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and decent growth rates. The electrical properties of these layers

are discussed in the next section.

5.3 RESULTS OF ELECTRICAL EVALUATION

5.3.1 Schottky-Barriers

Initial efforts to evaporate Al onto clean InP resulted in

Schottky diodes that had very high leakage currents. Many were

almost ohmic, and most were found to be unsuitable for doping profile

measurements. In an attempt to lower the leakage by lowering the

measurement temperature a simple probe station which could be sub-

merged in liquid nitrogen was constructed and tested. Due to unstable

contacts on the probe, the leakage current decreased only slightly.

This effort was abandoned and the use of an oxide layer examined.

A second set of samples was etched just prior to evaporation.

The etch consisted of submerging the sample in steaming "aurostrip"

for five minutes followed by a rinse with methonal. The resulting

barriers were significantly better than previous ones. The leakage

current was reduced and C-V readings were stable.

The I-V characteristics for a gold MIS structure are given in

Figure 17. The current remains below 5 pA at a reverse bias of 4

volts. Most of the gold Schottkies evaporated onto the same substrate

were of sufficient quality to be used for C-V measurements. The

process of etching in aurostrip before evaporating gold contacts

resulted in the best rectifying contacts obtained.

Al MIS barriers were also fabricated by etching with aurostrip.

Representative I-V curves are shown in Figure 18. Here the reverse

current is less than 20 PA out to a reverse bias of 5 volts. The
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Figure 17. I-V characteristics for Gold/InP MIS
Schottky diode.
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(a)

Figure 18. I-V characteristics for A1/InP MIS
Schottky diode
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effdctive barrier height for Al is less than that for Au but is

sufficient for accurate C-V measurements or for use in other devices.

Techniques for creation of an oxide layer by sintering in air

were also investigated. The results are shown in Figure 19 and 20.

Figures 19a and 20a show the I-V characteristics of a Schottky diode

fabricated by evaporating Al onto an InP surface that had been exposed

q to the atmosphere but not etched (i.e. there was no intentional layer

of oxide present at the interface). The barrier height was low and

the diode close to ohmic. After heating the device at 250%C in the

air for 30 minutes the I-V characteristics were as shown in Figure

19(b) and 20(b). The reverse characteristics now go out to -1.2 volts

before breaking down. The forward current is affected by the series

resistance of the oxide at higher currents. Both of these effects

indicate the presence of an interfacial oxide layer. Thus sintering

in air presents another technique f or increasing the effective barrier

height of an Al/InP contacts.

Comparison of Figures 18a and 20b leads to an understanding of

the thickness of the oxide layer which presents a series resistance

that will increase as the thickness of the layer increases. This

series resistance is important at high current levels because the

voltage drop across the oxide becomes significant. If the voltage

drop across the oxide is no longer negligible compared to the drop

across the depleted region then the terminal voltage cannot be assumed

to be equal to the voltage of the depleted region. The reduced voltage

across the depleted region reduces the reverse saturation current.
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a) I-V characteristics of Al/InP barrier
before annealinq

b) I-V characteristics of same Al/InP barrier
after annealing in air at 2500C for 30
minutes

Figure 19. Effect of Annealing on reverse saturation
current of AI/InP barriers
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(

q

a) I-V characteristics before annealing

I

I

b) I-V characteristics after annealing diode at
2500C for 30 minutes in air

I Figure 20 Effect of Annealing AI/InP barriers
(forward characteristics)

I

wj
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The oxide layer flattens out the forward characteristic and

effectively shifts the forward curve to higher voltages. In Figure 28a,

the diode reaches a current of 2mA at 0.8 volts. This is with no

oxide layer. After forming an interfacial layer of oxide by annealling,

the diode's forward characteristics are as shown in Figure 20b.

Because of the resistance of the oxide layer, the diode does not reach

a current of 2mA until the voltage is 2.4 volts. The diode in Figure 18

does not reach a current of imA until the terminal voltage is 4 volts.

The oxide layer created by etching in aurostrip apparently is thicker

or has a higher resistivity than the one formed by sintering.

5.3.2 Doping Profiles

Doping profiles were obtained using aluminum MIS contacts.

Figure 21 presents the doping profile of Sample 9, which was undoped.

Most of the layer was depleted at zero bias, implying lightly doped

material. The I-V curve was also sensitive to light, again implying

light doping. The C-V measurements revealed an increase in carrier

concentration from 6x1013 cm-3 at a depth of 3.7pm to 1.lxlO 16cm-3 at

4.1m from the surface. At higher voltages, the C-V measurements

failed because of the high concentration in the substrate and break-

down of the diode at that bias.

Sample 10 (unintentionally doped) was compensated; the I-V

curve was characteristic of a npn structure. Hall measurements made

on a sample simultaneously grown on a semi-insulating substrate also

revealed compensated material with a low mobility. Poor contacts to

the Hall measurements prevented accurate measurements of the exact
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mobility or concentration. Attempts to make new contacts were unsuc-

cessful due to the small substrate size.

Sample 11 was intentionally doped with H 2S. Its doping profile,

obtained by step-etch techniques, is given in Figure 22. The H2 S

dopant was introduced upstream from the substrate at a flow of

0.1 ml/min for the first few Pm of the epitaxial layer. A layer of

undoped material was grown on top of that. An H 2S flow rate ofq 1 -3
0.1 ml/min produced a donor concentration of l.OxlO 5cm that was

uniform throughout the doped portion of the layer.

Tests are currently being performed to determine the dependence

of donor concentration on H 2S flow rates. Both Clarke [26] and

Chevrier [2] found a linear relationship with a slope of unity. The

only difference between their results was a shift in the curve corre-

sponding to the background doping level of each reactor. Assuming

that this relation will hold for this system a curve of doping vs H2 S

flow is postulated in Figure 23. Work is in progress to verify this

relationship.

Judging by the uniform doping level obtained in Sample 11 and by

the findings of other workers, controlled doping with H2 S should be

relatively straightforward. The double dilution dopant system allows

accurate control of the low level of H2 S dopant flows necessary to

achieve light doping (i.e. 0.01 ml/min). This accurate control of H2 S

flow will yield corresponding control of doping concentration in the

grown layers.
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( 6. CONCLUSIONS AND RECOMMENDATIONS

Problems associated with the VPE growth and evaluation of device

grade InP have been investigated. A complex reactor system capable of

double dilution doping to achieve accurate H2 S doping even at low

levels has been designed, assembled, and used to grow several samples.

Major factors affecting the epitaxial growth process were investi-

gated, including PU 3 mole fraction, temperature profile, and flow

rates. Standard growth conditions were established.

The grown material was evaluated for its physical and electrical

properties. Layers with smooth surfaces, good interfaces and uniform

thickness were obtained. The growth rate, primarily governed by the

rapid depletion of the melt, was found to be approximately 20 im/hr.

Material with residual doping concentrations of lxlO 14cm- was

obtained. Controlled H S doping resulted in predictable and uniform

carrier concentration with depth.

L4 The problem of Schottky diodes on InP was addressed and a satis-

factory answer found. The barriers may be improved by inserting a

thin oxide layer between the semiconductor and metal. The resulting

MIS structure behaves as a normal Schottky diodes with higher effec-

tive barrier height if the oxide layer is thin. This layer may be

fabricated either by etching prior to the metal deposition or by

sintering the diode after metalization. Research is needed to gain

better control over the oxide thickness and hence the barrier height.

In general no major obstacles are present which prevent InP from

being grown in device grade quality. Such actions as purging with Ar

before the tube is open, removing large quantities of waste from the
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( tube afLer each run and the need for an MIS structure to measure

doping profile are all inconvenient but certainly not prohibitive.

Although research into InP growth parameters and device fabrication is

4still necessary to refine the technology, the high potential for InP

is certain, especially in millimeter wave applications.

The equipment and techniques reported here can be utilized in

q continuing efforts to grown controlled epitaxial material for use in

devices. One particular aim is fabrication of a sample for v(E)

measurements, which requires arn aluminum Schottky diode.

6.2 SAMPLE FOR v(E) MEASUREMENTS

A cross sectional view of such a v(E) sample is shown in Figure 24.

An InP epitaxial layer is grown on a highly doped InP substrate by

the PC1 3-In-H system. The diode consists of a thin aluminum window

and a thick aluminum annulus. In the electron-beam velocity field

apparatus, described elsewhere [25],electrons are injected through the

*thin window when their energies are above a critical value that is

determined by the contact thickness. The thick annulus provides a

good mechanical region that permits ultrasonic wire bonding to the

Schottky contact. The substrate contact is made using an alloyed

gold-germanium nickel layer. A thick layer of plated gold is added to

permit thermal compression die bonding of the sample to a gold plated

copper stud.

Such a diode needs accurate control of doping to achieve a

profile such as in Figure 25. It also needs a low leakage Schottky

contact of InP and aluminum, which will require some form of inter-

facial oxide layer. Calculations to assure that the oxide layer
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necessary for a decent barrier does not affect the velocity field

measurements may be necessary.

6.3 RECOMMIENDATIONS FOR FUTURE WORK

Although many problems concerning the growth and evaluation of

device grade InP have been solved, others still require attention.

The following is a summary of some useful improvements in techniques

or equipment.

q 6.3.1 Growth Techniques

(a) Reduce the temperature variation across the source. As

discussed earlier a temperature gradient across the source

increases the impurity concentration of the grown layer in

a manner which is difficult to control. A decrease in the

temperature variation over the source will increase the

reproducibility of results obtained. Presently the tempera-

ture varies + 0.50C, compared to the desired goal of

+ O.110 C.

U(b) Grrw Hall effect samples on semiinsulating substrates along

with n ++substrates. The Hall measurements will give a

check on donor concentration and provide mobility data.

This extra data is useful in fine tuning the reactor to

produce pure, high mobility, uncompensated material. The

donor concentration given by Hall measurements may also be

compared to C-V measurements done on n ++substrates to check

the accuracy of the latter technique.

(c) Reduce the amount of oxygen in the system by sealing any new

leaks and/or replacing the PC13 liquid in the bubbler which
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may be contaminated by P203. Further reduction of 02 may

be accomplished by covering the entire control board assembly

with a plexiglass container and flushing it with N2 gas.

This precaution would reduce the amount of 02 leaking into

the system at tubing connections and joints by aspiration.

6.3.2 Schottky Barriers

q (a) Use gold MIS structures for C-V measurements, but experiment

with aluminum contacts for use on other devices.

(b) Find a better etch for doing step-etch C-V analysis of thick

epitaxial layers. The use of 1% bromine methonal provides

rough surfaces. The literature suggests the use of 5:1:1

H202-H2so4-H 20 before etching in bromine methonal to obtain

better surfaces. A study is also needed of etch rate of

bromine methonal solutions on InP [28,29] in order to

accurately control the depth of the etch into the epitaxial

A layer.

(c) Try the mercury probe for C-V measurements. To use this

device, the back side of the sample must be lapped down with

5pm grit. This is done to insure that no InP from the top

epitaxial layer curves around the side and shorts out to the

bottom side. The sample should then be etched smooth so

4a that the probe can make a good ohmic contact on the back and

a good Schottky barrier on the front side. The etch should

also deposit an oxide layer on the top surface to assist in

forming an interfacial layer for the barrier. A bromine-

methonal etch is suggested.
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(d) Refine the 77*K C-V measurements by refining the cold

temperature probe station. The present jig is inadequate.

(e) The oxide layers in the MIS Schottky barriers seem to break-

down at reverse voltages with magnitudes greater than five

or six volts. This effect may be studied further in the

hope of creating barriers that are good at higher reverse

voltages.

I

I

.4
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APPENDIX 8.1

STEP BY STEP PROCEDURES

8.1.1 Procedures for VPE Growth of InP

1. Turn on furnace via circuit breakers "A" and "B" in fuse

box. Takes approximately 1.5 hours to stabilize to set

points.

2. Turn on argon purifier ["hydrox"]. A few minutes later

switch ARGON/HYDROGEN valve to ARGON. Set very high flows

to flush system, especially reaction tube, with argon to

expel any hydrogen. Tube must be flushed with argon at

greater than 200 ml/min for 15 minutes before opening tube.

3. Prepare substrate:

A. Cleave sample size substrate (approximately one square

centimeter) from InP substrate stock.

B. Clean with organics in following order:

a) TCE

b) Acetone

c) Methynol

C. Etch for 4 minutes in 2% Bromine-methanol solution.

[Recommend 49 ml methanol/l ml bromine]

D. Flush thoroughly with metharol.

E. Leave in methanol until just prior to insertion into

furnace.
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4. Place substrate into reaction tube:

A. After argon flush is complete (15 minutes or more),

turn up argon flow to maximum flow rate and open end of

reaction tube (take off end cap).

B. Take sample out of methanol, dry on bibulous paper, and

place on sample holder.

C. Insert sample holder into reaction tube and push to

desired position in tube.

D. Replace end cap. Let argon flow continue for about

5 minutes at a moderate flow rate until switching

system back to hydrogen.

5. Purge system with hydrogen. Reaction tube must have flow of

at least 200 ml/min for at least thirty minutes.

(After furnace temperatures have stabilized and reactor has purged

with hydrogen sufficiently then continue).

6. Roll furnace over reaction tube to correct position.

(Remember to open furnace doors on reactor side first!)

Record time.

7. Set flows in order to resaturate the melt. Turn on PC1 3

bubbler. Allow approximately ten or twelve minutes for

resaturation to occur. During this time the furnace tem-

peratures should restabilize. Record time bubbler turned on

and all significant flow rates.

8. Grow epitaxial layer. Adjust flow rates as required.

Growth time depends on layer thickness and growth rate.
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(9. Turn off PU 3 bubbler and roll furnace off of tube to

terminate epitaxial growth.

10. Wait about five minutes for reaction tube to cool, then

4 begin flushing with argon. Purge tube for at least fifteen

minutes before opening.

11. Open reaction tube. Scrape deposits off reactor wall that

q built up during growth run.

12. Once tube is sufficiently clean, pull sample holder out of

tube. Place sample in covered petri dish.

13. (Optional) Place new sample substrate on sample holder and

position again in reaction tube.

14. Replace end cap. Wait five minutes. Reestablish hydrogen

flows. (Low flow rate for dormant system or high flow rate

if next growth run is done immediately).

[Shutdown to "dormant" status]:

15. Turn off furnace. Set hydrogen to very low flow rates.
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(8.1.2 Procedure for C-V Analysis Using Evaporated Schottky-Barriers

A) Pre-evaporation etch:

1) Fix sample, with epitaxial layer up, on a glass slide

Iwith black wax.

2) Clean with TCE, acetone, and methanol.

3) Heat up beaker of aurostrip until steaming.

q 4) Place sample in steaming aurostrip for five minutes.

5) Rinse with methanol.

B) Evaporation

1) Load gold or aluminum into RDI evaporator.

2) Place mask over sample(s) so that half of the sample

will have a solid coating of metal with the other half

as _-.s.

3) Pump down chamber to less than 7x10 -6 torr before

deposition.

4) Deposit about 2000A of metal onto surface.

5) Remove sample from RDI.

C) Analysis:

1) Connect probe station to curve tracer and C-V profiler.

2) Place one probe on large pad, another on any individual

dot (Schottky).

3) Check I-V curve for low leakage diode. If diode is

not too leaky, then proceed with profiling measure-

ments.
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4) Check polarity of bias on diode: Check the zero-bias

capacitance. Increase the reverse bias voltage and

monitor the capacitance. If the capacitance decreases

then the diode is properly biased. If it begins to

increase, switch the polarity.

5) Take the C-V data manually and use Equations (10) and

(11) to obtain the doping profile or else use the

automatic doping profiles.

D) Step-Etch Technique

(If the profile does not punch through the epitaxial layer).

1) Strip off present metalization with HF or aurostrip.

2) Clean with organics.

3) Cover part of sample with black wax to protect it from

the etch.

4) Etch in 1% bromine-methanol solution. Etches about

5jpm per minute.

5) Remove the cover wax with organic solvents.

6) Measure the amount etched by using a high power optical

microscope, focusing on each side of the step, and

comparing the vertical distance between the two focus

positions on the microscope.

7) Put new Schottky diode on the etched surface (repeat

ste~ps A, B, and c).
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( 8.1.3 Operating Procedure for R.DI Evaporator System

A) 1) With roughing valve closed, bleed bell jar. This

entails opening valve on rear N 2cylinder, opening

g paddle valve marked 'RDI', and opening bleed valve

on RI until gas flow is audible. When bell jar

is bled, it will pop up off the base slightly.

q Close bleed valve.

2) Raise bell jar slowly. When it hits the vent, push

-;f over and continue raising.

3) Remove sample holder, chimney (if on), lid and

base to evaporator cover.

4) Remove old basket and discard. Replace with new

basket making sure there is no torque it.

5) Fill basket with Al. A 6 inch length cut into 1/2

inch pieces is used. The bottom end of the first

piece-put in the basket should be doubled over to

plug the hole in the bottom of the basket.

6) Mount samples in the sample holder.

7) Reassemble cover making sure not to short the

electrode with the cover or the Al foil. Replace

sample holder and chimney if desired.

8) Slowly lower bell jar.

9) Rough bell jar.

B) Putmp Down Procedure

1) Rouga oil diffusion pump (foreline).

2) Turn on oil diffusion pump.
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3) Close foreline valve.

4) Rough sample chamber (open roughing valve).

5) Close roughing valve.

Open foreline valve.

Open high vacuum valve.

6) Degas ionization gauge - 5 minutes.

7) After degassing, turn on ionization gauge.

8) Fill cold trap with LN2.

9) Let pump down 3-4 hours.

C) Deposition

Make sure shutter is closed (handle towards user)

1) Refill cold trap with LN2. Turn off ionization gauge.

2) Turn on evaporator power supply.

3) Turn up power until current is around 30A (may take a

couple of minutes until filament glows).

4) Watch basket for aluminum melting and falling to

bottom (turn off lights).

5) After this happens turn current up to 50A.

6) Open shutter.

7) Deposit to desired thickness or until aluminum is gone.

8) Close shutter.

9) Turn off evaporator power. Close high vacuum valve.

10) Bleed chamber.

11) Remove samples.

12) Rough chamber (foreline valve closed!)

13) Close roughing valve, open foreline valve.
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14) Turn off diffusion pump.

15) About an hour later turn off mechanical pump (after

shutting foreline valve).

D) Thickness M4oniter: (Use during deposition)

1) Turn on both thickness monitor and tine monitors.

2) Set material variable to correct setting (Al:N-320,

Au:N-50)

3) "Zero" moniter.

4) Press "test"; record value.

5) Before opening shutter, press "start"; will record time

and thickness.

6) Press "stop" when finished with deposition.

7) Record "test" value. Should be seen of previous value

plus layer thickness.

4
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APPENDIX 8.2

Use of the Double Dilution Dopant System

The double dilution dopant system allows accurate control of the

H2S dopant flow below 0.01 ml/min. A schematic is given in Figure 8.2.1.

The H2S out of the tank is controlled by an electronic mass flow

controller which will regulate the flow, fA' from one to fifty ml/min.

This flow is mixed with flow f which is hydrogen controlled by an

another mass flow controller. Flow fB can be regulated between 10 and

500 ml/min. The mixture of flows fA and fB is denoted by fAB" Part

of this mixture is vented out to the exhaust through a needle valve.

The resulting flow through the rotameter, fD' can be adjusted so that

flow fD is some fraction of flow fAB. Therefore:

f KlfAB Kl(fA + fB "MIX I" (primary dilution)

(1)

where fA - flow of H2 S (I < fA < 50) ml/min

fB flowofH 2  (0_ f <500) ml/min

K1  arbitrary constant (0 < K1 < 1)

This primary dilution mixture, fD' is again diluted with another

hydrogen flow, fE' to form the combined flow, fDE Part of this flow

is vented to exhaust so that the final flow, fG' can be regulated by

*i the rotometer. Flow f is a fractional part of FDE, so:
G
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fG DE - K2 (fD + f - "MIX II" (2)

where 0 < K2 < 1

Combining Equations (1) and (2) yield:

final f G K2*Kl*fA + K2*(KlfB + fE
)  (3)

dilution

H2S flow H2 flow

Equation (3) can be used to determine the required flows and dilutions

necessary to achieve a desired final flow of H2S in any given final

total flow through the dopant line, f
G*

Example: A H2S flow of 0.5 ./an in a total flow of

20 ml/min in the dopant line is desired.

Choose: KI - K - 0.1 (arbitrary)

From Equation (3): f - fH2  ( .05 5 ml/min

fA Kj+K1  (.1)(al)

Since 0.05 < 20, fc is primarily hydrogen, so Equation (3) becomes:

f s f2(KlfB + YE

.1 f+ f 200 .1/rain
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Choose f. 200 ml/mi, then fE % 200-20 E 180 ml/mm

From (1), fD - KI(fA + fB) - (.1)(205) - 20.5 m./min

Actually, any values of K1, K2, fE' fD' and fB may be used as

long as none of the other parameters exceed their physical bounds set

by the capacity and precision of the flow controllers and rotometers.

i4

!(

I-
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APPENDIX 8.3

Chemical and Temperature Effects During Saturation

8.3.1 Chemical Effects

Besides reaction (2) (41n+P4-0 InP) there are other reactions

that occur during source saturation [4,5,22]. Besides reacting with

the P vapor to form InP the In in the source also reacts with the HCi

gas from the dissociated PC13 (reaction 1) to form InCl. This may be

expressed by the following reaction:

4 7500C
2HCl + 2In -02InCl + H2  (16)

This reaction is significant in the saturation process because it

depletes indium from the unsaturated melt. The InCl is transported

down the reaction tube and condenses as a black or orange solid.

Large amounts of this material condenses on the sides of the tube

after a saturation and must be scraped off before a seed can be

entered. During saturation most of the P vapor is absorbed into the

melt and most of the Cl is converted into InCl. For every mole of

Pc13 dissociated there results one mole of InP and three moles of

InCl. Since the solubility of InP in indium (Figure 5) is 0.07 at

700*C then approximately 21 percent of the indium source will be lost

during saturation.

Once the source is completely saturated and is covered by a skin

of InP other reactions occur. At temperatures in excess of 3800C the

vapor pressure of phosphorous over the solid InP rises rapidly causing

I
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phosphorous loss and an indium rich surface. This reaction may be

written as:

750*C
41nP -- *-41n + P4  (17)

Reaction (17) is the reverse of reaction (2).

Reaction (17) can be combined with reaction (16) to give the

transport reaction:

7500C
4HCl + 41nP-----*-41nCl + 2H 2 + P4 (4a)

Note that combining Equations 16 and 17 results in cancellation of

elemental indium from both sides of the reaction. The In created by

reaction (17) is simultaneously converted into InCl by reaction (16).

The net result is that the HC1 gas reacts with InP to form phosphorous,

indium chloride and hydrogen. These products are transported down the

tube to a cooler region around 650eC where the reverse of reaction

(4a) occurs and InP is deposited on the seed or the walls of the

reaction tube. Polycrystalline InP on the reactor walls appears as a

light grey material.

If there are no temperature variations across the source, a thin

skin of InP will continue to cover the source throughout its useful
I

life. The InP removed by the HUl via reaction (4a) will be replaced

by absorption of P4 into the source to form InP via reaction (2) and

saturation is maintained. The thickness of the crust depends on the

partial pressure of the phosphorous vapor over the saturated source [5].
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The source must be resaturated every growth run. This occurs

partially because the cooled melt has formed a crust of precipitated

InP which must dissolve back into the source when it is heated to

growth temperatures [4]. While this is occurring the indium melt is

absorbing phosphorous vapor from the gas flow. This pre-saturation

condition occurs for about ten minutes until the melt is fully sat-

urated. Only after the source is saturated will the growth reactions

occur. Thus there is a ten minute lag between the time that the PC1 3

flow over the melt is established and the time that growth actually

begins.

Since the substrate is elevated to high temperatures during the

resaturation period, phosphorous can leave the indium phosphide seed

surface by reaction (17). This leaves a pitted, indium rich surface

that is unsuitable to grow a layer on. The problem is relieved by the

presence of HC over the seed which etches the damaged surface (reac-

tion 3a) until the source is resaturated and growth begins. The

excess HU1 is present in the gas flow past the source because a large

part of the phosphorous vapor is absorbed into the source. After

saturation the li1 over the source becomes involved in reactions (4a)

and (4b) so little etching at the seed occurs.

8.3.2 Effect of Temperature Gradient

If there are temperature variations along the source the In/InP

solution can only be saturated with respect to the lowest temperature.

Thus convection and solid migration will occur. The phosphorous will

be absorbed from the vapor at warm point and indium phosphide will

precipitate at cool point. The absorption of phosphorous during
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recede off the warm points exposing the indium [5]. These areas will

appear shiny. Areas that are cooler will have a gray IuP crust over

them. As the source cools and In? is precipitated out from all areas

of the source the warmer areas will precipitate out more InP than the

cooler areas. Thus the areas that are shiny at elevated temperatures

may appear gray at room temperature and those areas that are gray at

elevated temperatures may appear shiny at room temperature. Therefore

it is important to observe the source while it is still hot.

Several observations of the hot source immediately after growth

* or saturation were made. In Figure 8.3.1 the surface of the melt is

compared to the growth temperature profile across the source. The

portions of the source at slightly higher temperatures appeared smooth

and shiny. The InP crust had receded from these points exposing the

indium. The lower temperature regions of the melt were dark gray,

indicating the existence of an InP crust in these areas. The edge of

the boat lying on a step downward temperature gradient contained only

precipated InP. The source depleted rapidly in the high temperature

gradient areas. This is caused by the loss of indium converted to InCi

(reaction 16) in this unsaturated region. All these effects are

caused by temperature gradients across the source.

If there are not temperature gradients the source should have a

uniform skin of In? covering the melt. Thus observations of the hot

source with and without the PM 3 flow can aid in determining the

existence or extent of temperature variation across it.
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Figure 8.3.1 Effect of temperature variations on source melt
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APPENDIX 8.4

SUBSYSTEK SCHEMATICS

-
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Figure 8.4.3 Triac circuit used to control furnace
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